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The crystal structure of the incommensurately modulated system CuxV4O11 with x�2.2 has been deter-
mined in terms of a composite model of CuxV4O11 substructure and Cu subchain with different b constants for
each monoclinic cell of Cm. The effective cation valences and the g factors obtained from the electron spin
resonance suggest that the significantly modulated Cu chain in the CuxV4O11 substructure is mainly respon-
sible for the Fermi-liquid-like transport between 120 and 340 K, while another Cu chain has an almost empty
band. This composition indicates a large thermoelectric power due to the carrier mass enhancement, which
might be regarded as a new candidate for thermoelectric devices. This system has also been known useful as
a metallic cathode for high-capacity rechargeable batteries, which may be understood in the characteristic
framework of composite structure.
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I. INTRODUCTION

The transition-metal ternary oxides and the nonstoichio-
metric bronzes have aroused considerable interest from both,
the basic science and applied viewpoints. For example, many
of low-dimensional oxides with partially filled d orbitals,
which contain high-Tc oxides and the related ones,1 have
been investigated to clarify properties of correlated electron
systems and quantum spin-fluctuation systems. They are also
utilized as various functional materials such as thermoelec-
tric devices2 or rechargeable lithium batteries.3,4 These basic
and applied properties are essentially related to the structures
formed by the linkage of rigid units such as the TO6 octahe-
dra or TO4 tetrahedra, where T is a transition-metal atom.

This work is pointed at CuxV4O11 isolated by Galy and
Lavaud.5 The crystal of x=1.8 was monoclinic with space
group Cm, and the lattice constants were expressed as a
=15.38, b=3.61, c=7.37 Å, and �=102.0°. There exist four
crystallographically independent V sites and two inequiva-
lent Cu ones. Sharing both edges and corners, distorted VO6
octahedra form the V4O11 sheets in the ab plane, which are
separated by a Cu ion layer. However, this model corre-
sponds to an average structure, because incommensurate re-
flections or diffuse streaks are observed depending on the Cu
concentration and temperature.6

It is known that CuxV4O11 has several modulation
patterns.7–9 The structure for x=2.12 was proposed by Kato
et al. using the superspace group Cm�0,� ,0���=0.2285�
with lattice constants of a=15.3004, b=3.60866, c
=7.33566 Å, and �=101.851° �Ref. 7�. This is basically
similar to the structure described above. The Cu ions are
accommodated within two kinds of tunnels. The tetrahedral
Cu sites in one tunnel are occupied almost at random. The
occupancies and y coordinates of those in the other tunnel
are modulated so as to keep appropriate Cu-Cu distances.
The positional modulation of V and O sites is expressed as a
slight wavy deformation of the V4O11 sheet as a whole. Re-
cently, the structure for x=2.33 was determined by Rozier

and Lidin using a three-part composite model associated
with the V4O11 substructure and with each of the two Cu
sites.9 This composition is not monoclinic but triclinic. Here,
the lattice constants for the V4O11 subsystem are described
as a=15.280�3�, b1=3.616�1�, c=14.674�3� Å, �=90.0, �
=101.95�3�, and �=90.0°, and the b constants for the two
remaining Cu subsystems are b2=2.964�1� Å and b3

=3.257�1� Å.
Magnetic resonance studies for CuxV4O11 suggested that

this system has quasi-one-dimensional transport properties
and a charge-transfer transition at around room temperature
may occur for some Cu concentrations, and both cations of
Cu and V are in mixed-valent states.6 A recent study of the
electronic properties for x�2.33 also revealed the presence
of mixed valence in both Cu and V, although no phase tran-
sition was detected.10

This work describes the crystal structure and electronic
properties of CuxV4O11 revealed through measurements of
x-ray four-circle diffraction, electron spin resonance �ESR�,
electrical resistivity, and thermoelectric power and brings the
potentially useful properties in this system to light. The ex-
perimental details are given in Sec. II. Section III A depicts
that CuxV4O11 with x�2.2 is a composite crystal consisting
of the CuV4O11 substructure and the �x−1�Cu subchain with
mixed-valent states for Cu and V, which is not so compli-
cated as in the recent model.9 In Sec. III B, the results of
ESR and transport properties are discussed referring to the
structural details, and in Sec. III C, several functions such as
thermoelectric devices and rechargeable batteries are pointed
out on the basis of structural and electronic aspects clarified
here. Finally, Sec. IV is devoted to a conclusion for the mul-
tifunctional composite crystal system of CuxV4O11.

II. EXPERIMENTS

Polycrystalline specimens of CuxV4O11 with nominal
compositions of 2.0�x�2.5 were prepared by the solid-
state reaction. First, Cu2O �99.9% purity� was heated in
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vacuum at 973 K for 10 h and V2O5 �99.99 %� was dried at
473 K. Mixtures of Cu2O, �x−2�Cu �99.9 %�, and 2V2O5

were pressed into pellets and heated in vacuum for 10 h at
temperatures between 883 and 843 K depending on x,
ground, and retreated for 20 h. The single crystals were also
prepared by a Bridgman method with the above mixtures.

The electron-probe microanalysis �EPMA� was performed
to estimate the Cu/V ratio using a JEOL JAX-8621. The
x-ray powder diffraction patterns were taken with CuK� ra-
diation at room temperature using a Rigaku RAD-IIC dif-
fractometer. The x-ray four-circle diffraction measurements
were done at 293 K on a Rigaku AFC-5R diffractometer
with graphite-monochromated MoK� radiation and the tem-
perature dependence of the lattice constants at temperatures
between 90 and 350 K was obtained using Enraf-CAD4 dif-
fractometer with graphite-monochromated CuK� radiation.
The four-terminal electrical resistivity and the thermoelectric
power were measured with a dc method at temperatures be-
low 500 and 350 K, respectively. The ESR measurements for
the polycrystalline specimens were performed at 9.2 GHz
using a JEOL spectrometer below 360 K.

III. RESULTS AND DISCUSSION

A. Crystal structure

The Cu concentrations for the polycrystalline specimens
with nominal value less than 2.3 agree roughly with those
estimated from EPMA. In the subsequent discussion, the Cu
concentration determined with EPMA is used. For the range

of 2.2�x�2.37�4�, the x-ray powder diffraction patterns al-
most correspond to those calculated on the basis of the av-
erage structure. The upper limit of Cu concentration is con-
sistent with the result in Ref. 11 within an experimental error.
On the other hand, for the single crystals prepared here, the
actual Cu concentration is estimated to be x�2.2 irrespec-
tive of the nominal composition. The scanning electron mi-
croscopy indicates the limitation of Cu concentration for the
single crystals to be compensated by an appearance of other
phases, such as the Cu metal and the bronze CuV2O5.

The single-crystal specimens have incommensurate re-
flections at wave vector q�0.16b* and diffuse streaks at q
=c* /3 with respect to the cell with a=15.287�1�, b
=3.599�1�, c=7.293�1� Å, and �=102.69�1�° �Refs. 6 and
8�. The size of q is constant within an error of 0.002 between
90 and 300 K. This anomaly is ascribed to an incommensu-
rability of the Cu-Cu distances in the chain for the lattice
constant of the b axis in the V4O11 sheets. The structure for
the single-crystal specimens determined in the averaged form
with space group Cm using TEXSAN �Refs. 8 and 12� is al-
most similar to that of Ref. 10, although in the present crys-
tal, the Cu�1� atom is assumed to be located on a mirror
plane with a full occupation. For the Cu�2� site, an electron
density appears to be distributed significantly along the b
direction, which is of course caused by neglecting the incom-
mensurate reflections and may correspond to the published
result. This analysis provides the Cu�2� concentration of
1.16�7� per CuV4O11, which leads to the chemical formula
Cu2.16V4O11, consistent with the EPMA value within the
margin of error.

TABLE I. The atomic parameters, isotropic and equivalent isotropic thermal parameters �Uiso,eq�, and the
cosine �Ax,z� and sine �By� amplitudes of the Fourier series of the modulation function for Cu2.16V4O11 at
293 K. Here, Uiso�eq� is applied to O �Cu and V�.

Atom x y z Ueq/iso Ax By Az

Subsystem 1

Cu�1� 1
2

1
2

1
2 0.132�2� −0.0035�6� −0.193�2� −0.025�1�

V�1� 0.1099�2� 0 0.1559�5� 0.0098�8� 0.0060�5� 0.012�3� 0.023�1�
V�2� 0.3292�3� 0 0.1502�6� 0.021�1� 0.0038�6� 0.000�3� 0.017�1�
V�3� 0.1723�2� 1

2 −0.1469�5� 0.0113�8� −0.0007�5� 0.015�3� −0.0216�9�
V�4� 0.3895�2� 1

2 −0.1485�5� 0.0114�8� −0.0044�5� 0.005�3� −0.020�1�
O�1� 0.1366�7� 1

2 0.112�2� 0.015�2� −0.002�2� −0.013�8� −0.024�3�
O�2� 0.3139�7� 1

2 0.074�2� 0.006�2� −0.015�1� 0.004�9� −0.040�2�
O�3� 0.1856�7� 0 −0.068�1� 0.0010�2� −0.008�1� −0.006�8� 0.004�3�
O�4� 0.3760�6� 0 −0.092�1� 0.009�2� 0.006�2� −0.002�9� 0.019�3�
O�5� −0.001�2� 0 0.007�4� 0.018�1� 0.0037�9� 0.03�2� 0.021�2�
O�6� 0.0848�7� 0 0.362�2� 0.006�2� 0.014�1� 0.034�5� 0.030�2�
O�7� 0.2508�8� 0 0.299�2� 0.013�3� −0.009�1� 0.044�7� −0.001�3�
O�8� 0.4314�8� 0 0.305�2� 0.027�3� 0.005�2� 0.026�8� 0.018�4�
O�9� 0.0810�7� 1

2 0.705�2� 0.014�2� −0.004�2� 0.007�8� −0.023�4�
O�10� 0.2500�8� 1

2 0.708�2� 0.013�3� −0.013�1� 0.029�7� −0.029�3�
O�11� 0.4129�8� 1

2 0.639�2� 0.022�3� 0.005�1� −0.017�6� −0.009�4�
Subsystem 2

Cu�2� 0.2510�5� 0 0.501�1� 0.074�1� −0.0022�3� 0.026�5� 0.0749�4�
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A good agreement between the Cu concentration esti-
mated from EPMA and that obtained in the average structure
analysis suggests that a composite crystal model consisting
of the CuV4O11 substructure with b1=3.599�1� Å and the
Cu�2� chain with b2=3.097�2� Å, each space group being
Cm, is suitable. Refinement of this model was performed on
the basis of �F� through the program FMLSM �Ref. 13� with �
weight for all of the reflections using modulation function
defined by m�t�=A cos�2�t�+B sin�2�t�, where m�t� is one
of displacement modulations or the modulation in the ther-
mal parameter and t corresponds to the fourth-dimensional
coordinate in a superspace and represents the phase of the
modulation wave. The reciprocal base vectors of the first part
�a* ,b1

* ,c*� and those of the second part �a* ,b2
* ,c*� are related

to the minimal vector set in reciprocal space �a* ,b1
* ,c* ,b2

*�
through the Z matrices, Z1= �1000 �0100 �0010� and Z2

= �1000 �0001 �0010�.
The atomic parameters finally obtained with the reliability

factor R=0.066 and the weighted factor Rw=0.043 for 1755
reflections �F�3��, of which 407 reflections come from
subsystem 2, are listed in Tables I and II,14 and the structure
is shown in Fig. 1. Selected interatomic bond lengths are
presented in Fig. 2 and in Table III. As described before, this
structure consists of a V4O11 layer and the Cu atoms located
between the layers. The latter atoms have significant posi-
tional modulations. The Cu�1� atoms that belong to CuV4O11

substructure have an octahedral coordination or two kinds of
tetrahedral coordination depending on positive and negative
shifts of y. Taking account of the large amplitude of aniso-
tropic displacement parameter U22 �Table II�, the Cu�1� at-
oms may oscillate between two different tetrahedral sites.
This significant oscillation may cause the diffuse streak at
q=c* /3. On the other hand, the Cu�2� atoms with b constant
of 3.097 Å have a triangular or tetrahedral surrounding
which mainly depends on the z modulation of Cu�2� site. The
V atoms in CuV4O11 substructure are surrounded octahe-
drally, and the positional modulations for V as well as O are
very small as compared with those of Cu atoms. The aniso-
tropic displacement parameters for V and the metal-metal
distances presented in Figs. 2�c� and 2�d� and in Table III are
in a normal range except for the Cu�1�-Cu�1� distance with a
large positional modulation along the b axis.

For understanding of electronic properties, effective va-
lences of Cu and V ions calculated on the basis of the bond-
length-bond-strength relation15,16 are shown in Figs. 2�a� and
2�b�, respectively. The Cu�1� and Cu�2� ions are rather close
to the states of Cu2+ and Cu+, respectively. On the other
hand, V ions except V�3� are in a mixed valence of V4+ and
V5+. The result that the valence of V�3� is slightly larger than
5 may be owing to the structure analysis without consider-
ation of the diffuse streak. However, this result does not af-
fect the following discussion. Thus, both Cu and V ions have
d electrons as confirmed in Ref. 6. Considering octahedral
field contracted tetragonally along the z� direction with
z� 	2a−3c on the basis of the Cu�1�-O bond lengths in Fig.
2�a�, the ground-state orbital is basically d3z�2−r2. On the
other hand, the V�1� andV�4� ions may have the dx�y�-like
ground-state wave functions with x� 	a+c and y� 	b accord-
ing to the results in Fig. 2�b�. Therefore, the V�1�-V�4� net-
work is roughly approximated with a ladder model that pro-
vides a spin-singlet state depending on the ratio of the
exchange couplings for the leg and rung directions as often
seen in V oxide systems.17 The transition to the spin-singlet
state in V ions at around 300 K for a certain composition6

would be explained with this model.
The composite crystal model for x=2.33 introduced in

Ref. 9, examined through the Z matrices of Z1
= �1000 �0100 �0010�, Z2= �1000 �0102 �0010�, and Z3

= �1000 �0101 �0010� with the assumption of the � matrices

TABLE II. The anisotropic displacement parameters Uij for
Cu2.16V4O11 at 293 K.

Atom U11 U22 U33 U13

Cu�1�a 0.0187�9� 0.369�4� 0.010�2� 0.007�1�
V�1� 0.014�1� 0.002�1� 0.015�2� 0.008�1�
V�2� 0.029�2� 0.006�1� 0.031�2� 0.016�1�
V�3� 0.025�1� 0.002�1� 0.013�1� 0.018�1�
V�4� 0.012�1� 0.009�1� 0.015�1� 0.008�1�
Cu�2�b 0.0405�9� 0.161�3� 0.020�2� 0.008�1�
aThe cosine amplitudes �AU11,22,33,13

� of the Fourier series of the
modulation function are 0.006�3�, 0.397�4�, −0.006�3�, −0.012�2�,
respectively, and the sine ones �BU12,23

� are 0.028�5�, −0.005�5�.
bAU11,22,33,13

=−0.014�5� ,0.086�7� ,0.009�3� ,−0.002�3� and BU12,23
=0.013�3� ,−0.072�2�.

FIG. 1. The crystal structures of Cu2.16V4O11 at 293 K: �a� the
projection on the monoclinic ac plane with the polyhedral scheme
and �b� the clinographic view of Cu�1� and Cu�2� chains along the
b direction.
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of 0.081, provides similar results with a little large factors of
R=0.083 and Rw=0.058.

B. Magnetic and transport properties

1. Electron spin resonance

The ESR measurements for a polycrystalline specimen
with x=2.23 at temperatures above 180 K indicate a single
Lorentzian having averaged values �gav and Wav� for the g
factors and the peak-to-peak linewidths of the absorption de-
rivative. At the lower temperature, a powder pattern appears
due to the decrease of linewidths that is expected from the
uniaxial anisotropy with principal values �g	,� and W	,�� for
the g and linewidth, the subscripts 	 and � indicating the
directions parallel and perpendicular to the unique axis, re-
spectively. The temperature dependences of the g factors and

linewidths are shown in Figs. 3�a� and 3�b�, respectively. It is
found that the space-averaged values of g	,� and W	,� con-
tinuously connect with gav and Wav for the single Lorentzian.
Above TESR1
340 K, g is smaller than 2 and temperature
independent, while below TESR1, it increases positively and
becomes larger than 2, and then saturates at TESR2
120 K.
The linewidths at temperatures above TESR1 and below TESR2
are almost temperature independent, while between TESR1
and TESR2, they exhibit a broad maximum.

The change of the sign for the g shift 	g
g−2 appar-
ently indicates that the ESR active ions are like a V4+ above
TESR1 and Cu2+ below TESR1 according to the theory of spin-
orbit interactions.6 Another possible origin is a dynamical
Jahn-Teller effect accompanied by a significant reduction of
orbital momentum.18 In order to determine which of these
interpretations is more appropriate, further experiments are
necessary. At least, it is postulated that Cu2+-like ions in the
Cu�1� site mainly contribute to ESR signals below TESR1. On
the basis of the wave function of Cu2+ described in Sec.
III A, a small positive shift from a free electron value for g	

TABLE III. The selected interatomic distances �Å� between the
V ions for Cu2.16V4O11 at 293 K with symmetry operation codes
defined in Fig. 2.

Minimum Maximum

Corner-shared path

V�1�a-V�1�c,e 3.559�10� 3.640�10�
V�1�a-V�4�k 3.577�13� 3.633�13�
V�2�a-V�2�c,e 3.599�11� 3.601�2�
V�3�a-V�3�c,e 3.545�10� 3.654�10�
V�4�a-V�4�c,e 3.582�11� 3.617�11�
Edge-shared path

V�1�a-V�2�a 3.338�14� 3.387�13�
V�1�a-V�3�a,e 3.122�9� 3.188�9�
V�2�a-V�3�a,e 3.362�7� 3.394�6�
V�2�a-V�4�a,e 3.088�9� 3.147�9�

FIG. 2. The interatomic distances and the effective valences for
Cu2.16V4O11 at 293 K plotted as a function of the four-dimensional
coordinate t: �a� Cu-O distances and Cu valences, �b� V-O distances
and V valences, �c� Cu�1� -metal �M� and Cu�2�-Cu�2� distances,
and �d� Cu�2�-V distances. Here, symmetry operation codes
attached to curves are as follows: �a� x ,y ,z; �b� 1

2 +x, 1
2 +y ,z;

�c� x ,1+y ,z; �d� 1
2 +x, − 1

2 +y ,z; �e� x ,−1+y ,z; �f� x ,−2+y ,z;
�g� x ,y ,−1+z; �h� x ,−1+y ,1+z; �i� x ,y ,1+z; �j� x ,−2+y ,1+z; and
�k� − 1

2 +x ,− 1
2 +y ,z.

FIG. 3. The temperature dependences of �a� the g factors and �b�
the peak-to-peak linewidths of the absorption derivatives for the
polycrystalline specimen of Cu2.23V4O11.
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below TESR2 may be attributed to the zero-point motion in
the Jahn-Teller effect.19 In addition, the large positional
modulation along the b axis is also responsible for the shift
of g	.

2. Electrical resistivity and thermoelectric power

The electrical resistivities 
 against temperature for sev-
eral single-crystal specimens are shown in Fig. 4�a�, and
those against T−1 and T−1/2 are in Fig. 4�b�. The data are
sample dependent irrespective of the similar composition and
range from 10 to 50 m� cm at 300 K. Above T
1
340 K,
the resistivity increases gradually or almost constant with
decreasing temperature, between T
1 and the sample-
dependent T
2=120– 220 K, it exhibits a metallic transport,
and at around T
2, a crossover from metallic to semiconduct-
ing states takes place. Here, T
1,
2 may agree with TESR1,ESR2
presented in the previous section, respectively. It is noted
that for the Cu concentration near to 2.33 corresponding to
the composite model in Ref. 9, the electronic properties are
basically semiconducting. A subsequent discussion is for the
data of sample No. 4 with the smallest resistivity.

The resistivities between T
1 and T
2 approximately fol-
low the Fermi-liquid relation20


 = 
0 + CT2, �1�

where the residual resistivity 
0 and a constant C are
4.2 m� cm and 0.14 �� cm K−2, respectively, for the solid
curve in Fig. 4�a�. Between T
2 and 60 K, the empirical for-
mula of


  exp�E
/T� �2�

may be applied with the apparent activation energy E
=2.9
�102 K as shown by the solid line in Fig. 4�b�. At the lower
temperatures, the resistivities nearly follow the variable-
range hopping �VRH� transport of the form


  exp�T0/T , �3�

with T0=1.5�103 K as indicated by the dotted line in Fig.
4�b�. This exponent suggests that the transport is either
Efros-Shklovskii �ES� type21,22 or Mott type.23 The former
originates from a soft Coulomb gap 	 due to Coulomb inter-
actions between the localized electrons and the latter type is
for weakly coupled chains24 or finite chains.25,26 At tempera-
tures lower than a certain critical temperature TES, the ES
mechanism may be appropriate and T0 is given by T0
�12	2 /TES.22 Using TES�50 K, we obtain the reasonable
result of 	�80 K from the above T0.

Figures 5�a� and 5�c� indicate the thermoelectric powers S
against temperature and 1/T for the single-crystal specimens,
respectively, and Figs. 5�b� and 5�d� are for the polycrystal-
line specimens. The results for single crystals labeled Nos.
1–4 seem to correspond to those for polycrystals with x
=2.23–2.36, respectively. Here, it should be noted that
grain-boundary resistances for the polycrystalline specimens
are generally considered to have less influence on the data as
compared with that on the resistivity. All of the data have a
negative sign, indicating an electron carrier, and above TS

120 K corresponding to both TESR2 and T
2, they follow a
metallic T-linear dependence

S = S0 − ��2k2T

3e

d ln ��E�
dE

�
EF

, �4�

where S0 is a constant, k is the Boltzmann constant, � is a
conductivitylike function of electron energy E, and EF is the
Fermi energy. The solid line for sample No. 4 in Fig. 5�a� is
drawn with S= �9.6–0.31T� �V K−1. The reason why the ab-
solute magnitudes of the thermoelectric powers are larger
than those of simple metals may be principally due to the
enhancement of carrier mass or the reduction of the Fermi
energy as suggested from the resistivity results.

Below TS, the thermoelectric power depends on the
single-crystal specimen and the composition of the polycrys-
talline specimens. The data with x=2.23 remain constant

FIG. 4. �a� The electrical resistivities as a function of tempera-
ture for the single-crystal specimens of CuxV4O11 and �b� the low-
temperature data against T−1/2 �the bottom abscissa� and T−1 �the
top abscissa�. Here, the solid curve in �a� indicates a fit to Eq. �1�,
and the solid and dotted lines in �b� are those to Eqs. �2� and �3�,
respectively.

FIG. 5. The temperature dependences of the thermoelectric
powers for �a�, �c� the single-crystal and �b�, �d� polycrystalline
specimens of CuxV4O11, where �a�, �b� and �c�, �d� indicate the data
against T and T−1, respectively. Here, the solid lines in �a� and �c�
denote fits to Eqs. �4� and �5�, respectively.
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�S
−10 �V K−1�. With increasing the Cu concentration of
polycrystalline specimens, the rapid downturn becomes sig-
nificant, indicating that the metal-semiconductor crossover is
enhanced. According to the relation between S and the ap-
parent gap ES shown below,

S = S0 − eES/T , �5�

ES is estimated to be 2.4�102 K on the basis of the solid
line for sample No. 4 between TS and 50 K in Fig. 5�c�,
which agrees roughly with the gap for the resistivity, sug-
gesting a band-semiconductor-like conduction. However, the
sample dependence of E
 is not always consistent with that
of ES; for example, the resistivity for sample No. 1 exhibits a
gaplike behavior, whereas the thermoelectric power does not.
This is because the distribution of Cu concentration for the
single crystals is a little inhomogeneous. At temperatures be-
low 50 K, the temperature dependence of thermoelectric
power deviates from Eq. �5� and becomes constant. This
temperature-independent behavior seems to be consistent
with the ES model that provides a nonzero constant as tem-
perature approaches to zero.22

C. Functions for composite crystals

The resistivity of 101 m� cm and the thermoelectric
power of 102 �V K−1 provide a power factor
10−4 W m−1 K−2. This factor is a little smaller than that of
NaxCoO2 regarded as thermoelectric materials2 which di-
rectly convert heat energy into electrical energy. However,
the magnitude of resistivity still stands improvement consid-
ering its sample dependence, so that CuxV4O11 might be-
come a new candidate for such a device.

For an application to rechargeable Li batteries with the
use of transition-metal oxides, structural instabilities or
phase separations for undergoing intercalation and deinterca-
lation with Li ions often give rise to a serious problem such
as a lowering of discharge-charge cycle performance. This
problem would be settled using a structural incommensura-
bility between the Li �guest� site and the host lattice. In ef-
fects, electrochemical measurements with CuxV4O11 cath-
odes have shown a high capacity of 2.5�102 mA h g−1,
corresponding to 5Li per CuxV4O11,

27 which is comparable
with the value for Ag2V4O11 that has been used as the pri-
mary power source for implantable biomedical devices.3,28

Here, the discharge and charge processes are principally re-
lated to the reduction and oxidation for the localized V4O11
layers, respectively. The Li ions doped to the CuxV4O11 host
are considered to reside in the aperture formed by the sig-
nificant displacement of Cu�2� ions in the ac plane as de-
scribed in Sec. III A.

IV. CONCLUSIONS

The structure analysis of the incommensurately modu-
lated system CuxV4O11 with x�2.2 indicates that this com-
position at 293 K is a composite crystal consisting of
CuV4O11 substructure and Cu subchain with different b con-
stants for each monoclinic cell of Cm. Two kinds of phase
transitions take place at TESR1
T
1
340 K and at TESR2


T
2
TS
120 K. The effective cation valences and the g
factors obtained from ESR suggest that the significantly
modulated Cu chain in the CuV4O11 substructure is more
magnetic and it may be predominantly responsible for the
Fermi-liquid-like transport between 120 and 340 K, while
another Cu chain is less magnetic and has an almost empty
band. The V ions form the mixed-valent states of V4+ and
V5+ as expected from the chemical formula, and the pairs of
V�1� and V�4� may be approximated with the rung dimer in
the ladder from the symmetry of ground-state d orbital in V
ions.

The present composition indicates a large thermoelectric
power due to the carrier mass enhancement, which might be
regarded as a new candidate of thermoelectric devices. The
nonmetallic behavior below 120 K is likely due to the order
of Cu chains and that at the lower temperature is mainly
originated from the soft Coulomb gap. Another nonmetallic
transition at 340 K may be caused by the charge-transfer-like
transition accompanied by a gap for V ions and/or the more
significant disorder of Cu chains. This system has also been
known useful as a metallic cathode for high-capacity re-
chargeable batteries, which is successfully understood in the
framework of composite structure.

This work suggests that CuxV4O11 with x�2.2 has the
metallic Cu chain between the localized V4O11 layers, which
may remind us the Little’s proposal for the excitonic
superconductivity.29 In order to establish various characteris-
tics for the metallic mixed-valent composite crystal system
described above, further investigations are needed. It is also
necessary to explore properties of the lithiated system with
the discharged state from many-sided viewpoints.
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